It has been proposed that increased rates of chemical weathering and the related drawdown of atmospheric CO on the 2 Ž . continents may have at least partly contributed to the low CO concentrations during the last glacial maximum LGM .
Introduction
Continental erosion represents a permanent transfer of carbon from the atmosphere to the oceans. Atmosphericrsoil CO is consumed both by organic 2 matter formation and by chemical rock weathering, and subsequently discharged as dissolved organic carbon, particulate organic carbon, and dissolved inorganic carbon to the oceans by rivers. The latter occurs mainly in the form of bicarbonate ions Ž y . HCO . In the long-term, the consumption of atmo-3 spheric CO resulting from carbonate weathering on 2 the continents is balanced in relatively short time scales by carbonate sedimentation in the oceans, where all CO is released back to the oceanratmo-2 sphere system. This is not the case for all CO 2 consumed by silicate weathering or by organic matter erosion. Here, a part of this carbon is lost to the lithosphere by carbonate precipitation and organic matter sedimentation, and only returns to the oceanratmosphere system via metamorphismrvolcanism and by the slow oxidation of old organic carbon in sedimentary rocks. Because the latter processes strongly depend on the tectonic activity on Earth, this lithospheric release of CO can be quite 2 variable over geological time scales.
Evidence from polar ice cores reveals a close coupling of the level of CO in the atmosphere and 2 global climate over at least the last 250,000 years Že.g., Neftel et al., 1988; Barnola et al., 1989; Alley . et al., 1993 , although it remains uncertain how sensitive climate is to variations in atmospheric CO , 2 and to what extent these variations cause rather than result from climate change. Nevertheless, it has been widely accepted that changing the atmospheric CO 2 consumption by continental erosion can have an influence on climate on Earth, but some controversy about the involved mechanisms exists. On the one hand, it was proposed that continental erosion should act as a negative feedback to global temperature Ž change e.g., Walker et al., 1981; Berner et al., . 1983 , which is mainly controlled by the rate of sea floor spreading and hence an increase of volcanic outgassing of CO . Assuming that a higher global 2 temperature causes more weathering, this process should bring atmospheric CO again down to lower 2 Ž . levels, and vice versa. Berner 1991 Berner , 1994 showed that such a mechanism could explain the general climatic variations observed during Phanerozoic Ž . times. On the other hand, Raymo et al. 1988 and Ž . Raymo 1994 suggested that the long-term removal rate of CO from the atmosphere by chemical weath- 2 ering is rather a function of relief than other factors, and that atmospheric temperature exerts only a weak control on global chemical erosion rates. They postulated that the global cooling during the late Cenozoic may be related to the built-up of the Tibetan plateau as a result of the collision of India and Asia, leading to a considerable increase of atmospheric CO con-2 sumption by continental erosion.
The above mentioned processes operate on a multimillion-year time scale, but weathering may also have an influence on climate in much shorter time scales. In particular, continental erosion has been discussed as a potential candidate for being involved in the glacialrinterglacial climate cycles during Quaternary times. Using an 11-box model for the oceanic Ž . carbon cycle, Munhoven and François 1996 showed that an increase of chemical silicate weathering by a factor of 2 to 3.5 during the last glacial maximum Ž .
LGM could result in variations of atmospheric CO 2 that are close to those documented by ice cores. They justify such an assumption by the findings of Ž . Froelich et al. 1992 , indicating considerably greater river fluxes of dissolved silica for the LGM than for Ž . the present-day. Gibbs and Kump 1994 confirmed the trend of generally increased weathering rates during the LGM, although they found this increase to be less important than that postulated by Munhoven Ž . and François 1996 , and mainly to be related to an increase of carbonate erosion on the emerged shelves.
The purpose of this paper is to test the hypothesis of increased chemical weathering rates and river bicarbonate fluxes during the LGM. A global carbon erosion model that has been developed to simulate Ž the present-day river fluxes Amiotte-Suchet and . Probst, 1995 was applied to a LGM scenario in order to determine the amount of atmospheric CO 2 consumed by the chemical weathering of rocks during that time. Contrary to the modelling study of Ž . Gibbs and Kump 1994 , in our model both the CO 2 consumption by silicate weathering and by carbonate weathering is distinguished. It is therefore possible to test whether silicate weathering especially may have been sensitive to the changes in the environmental conditions during the LGM. Ž . For precipitation, it could happen that Eq. 2 yields negative values. In these cases, the grid point Ž . values were set to 0. Esser and Lautenschlager 1994 derived the LGM precipitation data set in their study by applying the relative changes between the LGM and control run of the ECHAM2 model to the actual precipitation distribution, and not the absolute changes. This method avoids negative values, but it risks altering the global precipitation change predicted by the model with respect to the absolute values. None of the methods is without shortcomings. Note that the method we applied respects the absolute amount of precipitation change predicted by ECHAM2, except for the grid elements which are set to 0. Cutting off negative values overestimates to some extent the global LGM precipitation. In the LGM data set we created, this overestimation is about 1.5% of total precipitation, which is globally of small importance, confirming the applicability of our method. Ž When applied to the total continental area about 152 = 10 6 km 2 for present-day and 173 = 10 6 km 2 . for the LGM , the so-created LGM climatologies show a global cooling of 6.78C compared to present-Ž . day from 9.6 to 2.98C , and a reduction of global Ž . precipitation of 77 mm from 817 to 740 mm . Both the changes in continental area during the LGM related to the sea level fall as well as the appropriate LGM ice-coverage of the continents were taken from Ž . the reconstructions of Peltier 1994 . These reconstructions exist as 18 = 18 longituderlatitude global data files in 1000 year intervals since the LGM and are available via ftp from the World Centre for PaleoclimatologyrNational Geophysical Data Centre Ž . Boulder, USA . We interpolated all data files to a 0.58 = 0.58 longituderlatitude grid point resolution since we did all our calculations in this finer resolution. For the present-day situation, we followed the Ž . vegetation map of Olson et al. 1983 in order to define which of the Earth's 0.58 = 0.58 grid points belong to the continents, and which belong to the oceans. Also the present-day extension of the polar ice sheets was taken from this data set. Finally, all fluxes we calculated refer to the exoreic parts of the continents only. Here we assumed that the endoreic regions during the LGM have been the same as today.
Data and methods

Model description
Determination of continental runoff
Among all potential controlling factors, mean annual runoff is globally the most important for the CO consumption by rock weathering on the conti-2 Ž nents Probst, 1992; Amiotte-Suchet and Probst, 1993a,b, 1995; Probst et al., 1994a; Amiotte-Suchet, . 1995 . The reliability of all simulations dealing with weathering rates and river carbon fluxes therefore strongly depends on the accuracy of the method applied to determine this parameter. From the ECHAM2 output files, runoff intensity can be derived by taking the difference between the precipitation and evaporation fields, but this value turns out to be negative many times, which makes this method less suitable for the determination of runoff during the LGM. For this reason, we derived this parameter by an empirical method based upon multiple regression analyses with the digitized and gridded runoff Ž . maps of Korzoun et al. 1977 and a great number of Ž global environmental data sets . Ž . In this modelling Ludwig, in press , precipitation Ž and temperature which is uniquely used to derive potential evapotranspiration according to Holdridge, . 1959 , are the main parameters determining runoff. In agreement with the empirical relationship pro-Ž . posed by Pike 1964 , it can be shown that the mean Ž annual runoff ratio RR, runoff divided by precipita-. tion generally increases the more precipitation exceeds potential evapotranspiration:
Ž .
Ž . APPT is the mean annual precipitation total mm , and APE the mean annual potential evapotranspira-Ž . tion mm . In addition, large seasonal variability in precipitation can also increase the runoff ratio compared to a more uniform precipitation distribution. We characterized this parameter by using a slightly modified form of the precipitation index originally Ž . proposed by Fournier 1960 . Therefore, we named it Ž . Four see Ludwig et al., 1996a . Finally, it is important to point out that morphology also represents a non-negligible controlling factor for runoff. Given the same temperature and precipitation values, greater slope increases runoff ratio, while greater elevation decreases it. The effect of basin slope is especially important in this respect, leading to considerably greater correlation coefficients than using the climatic variables alone. The fact that elevation has been retained in our empirical modelling may directly relate to the shortcoming of the method to estimate potential evapotranspiration from tempera-Ž . ture data only Ludwig, in press . For all continental grid points, the following equation describes the relationship best: RR s 0. Moore and Mark, 1986 , Four is in millimeters, and Elev is the modal grid point eleva-Ž tion in meters Fleet Numerical Oceanography Cen-. ter, 1992 . We further grouped the grid points according to the major climate types to which they belong and repeated the regressions within these subgroups. In all cases, the above given parameters were found to be the dominant controlling factors in Ž . the same order as in Eq. 5 , although the regression coefficients naturally varied to some extent. Only in the tundra and taiga climate was Four not found to be significant, which can be explained with the important contribution of snow melt to runoff in this Ž climate type seasonal variability of precipitation should be only of minor importance when a considerable amount of precipitation is temporarily stored . as snow .
The advantage of this empirical modelling is that it allows a relative easy prediction of continental runoff with high precision. A validation with a set of Ž 60 major world river basins Ludwig and Probst, . 1998 reveals for the present-day situation a correlation coefficient between the empirically determined Ž . Fig. 1 . Comparison of the mean runoff ratio empirically determined with the mean runoff ratio according to Korzoun et al. 1977 Probst et al., in press; Amiotte-Suchet and Probst, 1995; Ludwig et al., 1996b 
Atmospheric CO consumption during the LGM 2
In order to calculate the corresponding fluxes for the LGM, we assumed that the lithological and morphological characteristics of the continents during the LGM were the same as for today. We therefore only changed in our simulation the data set for runoff intensity derived from the reconstructed Ž .
LGM climatologies see above . The major problem is that the morphological and lithological characteristics for the grid elements which became land area Ž during the LGM as a result of the lower sea level in the following: 'new' continental grid points-see . were calculated only on the basis of the grid points that belong to the exoreic and ice-free continental Ž area both for the present-day and for the LGM in the following: 'old' continental grid points-see . Table 1 . At the same time, runoff on the new grid points was estimated by a triangular interpolation of the runoff ratios between the old continental grid points over the oceans and the applying of them to Ž the LGM precipitation values also other methods Ž . such as the application of Eq. 5 have been tested, . but this results only in minor differences . The total F fluxes within each category can then be estab-
lished according to:
Ž . on the new grid points linearly increased or decreased according to the variations in runoff intensity compared to the old continental grid points. This procedure can be justified by the dominant role of continental runoff as a controlling factor for F CO 2 Ž . see above , but it is only true if the average lithology of the new continental grid points is about the same as on the old grid points. The latter is naturally questionable. For this reason, we also made several sensitivity runs by assuming different types of lithology on the new continental grid points in order to get an idea about the resulting differences in the amount of atmospheric CO consumption by chemical rock 2 
Ž
. weathering during the LGM Table 3 . Differences between the sensitivity runs and the above described The most plausible way to increase river carbon fluxes at the global scale would be to increase continental area concomitantly with an increase of runoff. Assuming that weathering is negligible under Ž . ice sheets this point is also discussed below , the effective erodible area of the continents was not much different during the LGM than today because the loss of area caused by the extension of the ice sheets was more or less compensated for by a greater exposure of shelf area due to the sea level fall Ž . Fairbanks, 1989 . In our LGM scenario this area Ž . decreases slightly by about 6% Table 1 . A crucial question for the atmospheric CO consumption by 2 chemical rock weathering during LGM is hence whether the amount of runoff on the continents has been significantly different.
Due to a steeper temperature gradient towards the poles, the humid climate zones of the mid and high latitudes were considerably smaller during the LGM Ž . compared to today Fig. 2 . Note from Table 1 that the temperate wet and the tundra and taiga climates were reduced by about 34% and 22%, respectively. This is not without consequences for the total amount of water running off the continents, since both climate types are important contributors to global runoff Ž . Table 2 . Consequently, runoff on the old continen- The values are based on the assumption that average lithology on the new grid points is the same as that on the old grid points. a Area that is continental both for present-day and for LGM. b Ž . Area that is continental only for LGM due to the lower sea level emerging shelves . tal grid points was globally reduced by about 9%. This general picture of on average more arid conditions during the LGM is also in agreement with observations. Reconstruction of vegetation distribution based on palynological, pedological, and sedimentological evidence globally indicates a greater Table 2 . Fig. 2 . Holospheric distribution of the major climate types on Earth at present, and as reconstructed for the last glacial maximum. Definition of the climate types is based only on Ž . temperature and precipitation data Ludwig et al., 1996a . Ž aridity during the LGM than today Adams et al., . 1990; Adams and Faure, 1996 . Also from palaeohy-Ž . drological evidences, Starkel 1988 concluded that water discharge by rivers was generally lower during the LGM than today.
On the emerging shelves, however, runoff intensity was clearly greater than on the rest of the Ž . continents by about 62% . This is mainly due to the fact that large parts of this area emerged in the tropics of the low latitudes, where by far most of the Ž . water runs off the continents Table 2 . Also in the high latitudes, runoff was locally increased, espe-Ž cially close to the margins of the ice sheets such as . the North Sea , where the GCM simulation results in a significant increase of precipitation compared to present-day. The high runoff intensity on the new continental grid points thus partly compensated for the greater aridity on the old grid points, but this effect on the whole is not strong enough to increase runoff. Thus, the total amount of water running off the continents was about 9% lower during the LGM than at present-day, and the more humid shelves hence only compensated for the reduction in the erodible continental area.
Consequently, application of GEM-CO to the tropical parts of South and Middle America, Africa, and SE Asia, as well as in many parts of North Asia Ž . Fig. 3 . However, the values were increased both in North America and northern Europe close to the ice-sheets, and in large parts of the southern hemisphere. Under the assumption that the average lithology on the new grid points was about the same as that on the old grid points, we calculate the global reduction of F to be about 5% lower than the CO 2 Ž . present-day value Table 2 . Although there is no fundamental difference in the share of F coming CO 2 from silicate weathering between today and the LGM, a slight increase of the relative importance of silicate Ž weathering during the LGM can be noted from . 60.8% to 63.3% , and the global value for F from CO 2 silicate weathering remains about the same as that Ž . for today y1% .
Assuming different rock types to be on the emerging shelves than on the rest of the continental area Ž . Table 3 allows the total F to vary substantially, CO 2 that is between about y20% and q30% compared to the present-day value. Lowest values are found by allowing only sandstones to outcrop on the shelves, the rock type with the weakest specific CO con-2 sumption. Greatest values result from an overall coverage of the exposed shelf by carbonates, the rock type with by far the greatest specific CO 2 consumption. In the latter case, however, F from CO 2 silicate weathering would only be about 80% of today's value. It is interesting to compare our results with the Ž . results of Gibbs and Kump 1994 who investigated the changes of bicarbonate fluxes on glacialrinterglacial time scales in a similar study as ours. Both studies are in a way complementary, since Gibbs and Kump proposed a global lithological map that is also valid for the emerging shelf grid points. However, they do not distinguish between the share of bicarbonates resulting from silicate weathering and that resulting from carbonate weathering. They found that river HCO y fluxes during the LGM may have been 3 with about 20% greater than today because of a greater exposure of carbonate rocks on the shelves, and that the global runoff value from the ice-free regions of the continents remained nearly unchanged. Using the lithological map published by Gibbs Ž . and Kump 1994 , we estimate the proportion of carbonates, shales, and sandstones on the emerging shelves to be about 45%, 40%, and 15% respectively. By far most of the carbonates are situated in the lower latitudes of 308S to 308N. When combining Ž . these estimates with our results weathering, and is in disagreement with the idea of F as one of the principal driving forces for lower CO 2 atmospheric CO during glacial times. The above values given for an increase in total F by about 20% together with a 10% decrease in CO 2 F from silicate weathering during the LGM may CO 2 Fig. 3 . Atmospheric CO consumption by rock weathering: differences between present-day and the last glacial maximum. The white parts of the continents are endoreic.
2 be considered as best estimates on the basis of the data available for this study. Nevertheless, our results also show that the different types of lithology outcropping on the shelves can have a non-negligible effect on the global figures, and a refinement of our estimates requires more information on precise shelf lithology. Another major unknown is the exact nature of the weathering status of the sediments that are currently on the seafloor and which were exposed during the LGM. Having already been through the weathering cycle, it is not obvious that shelf sediments would undergo significant weathering if Ž . exposed Gibbs and Kump, 1994 .
Chemical weathering under the ice sheets
Another open question in our reconstruction of atmospheric CO consumption during the LGM is 2 whether the above assumption that no chemical weathering takes place underneath ice sheets is correct or not. Chemical weathering could have occurred at least at the ice sheet margins, where melt waters were in contact both with atmospheric CO 2 and large amounts of fine-grained glacial debris Ž . Gibbs and Kump, 1994 . When analysing melt wa-Ž . ters from a Swiss glacier, Sharp et al. 1995 found chemical weathering rates substantially higher than the global average. They concluded that deglacial meltwater discharge pulses could remove considerable amounts of CO from the atmosphere, and that 2 glacially driven chemical weathering may have an important role in carbon cycling over glacial-interglacial time scales. If high consumption rates hold also for extended parts of the LGM ice sheets, the continental area subjected to chemical weathering was considerably greater for the LGM than for today, which is probably not a negligible term in our budgets.
In order to test such an hypothesis, we determined the amount of annual precipitation falling on the ice sheets during LGM on the basis of our precipitation data set. Compared to present-day, the specific value exactly doubled from 206 to 412 mm. Given the assumption that the extension and thickness of the ice sheets did not change from one year to another, this can be taken as a maximum value for the amount of glacial runoff within one year, except that it has to be reduced for the water lost by evaporation.
Ž . From the present-day data of Korzoun et al. 1977 , we estimate that the runoff ratio in glacial regions may be close to 0.9, although even this value is naturally somewhat speculative because of the scarcity of measurements in these regions. The runoff ratio during the LGM should have been lower because much of the northern ice was at lower latitudes, and evaporation should have been more important. Nonetheless, given the huge continental area Ž . that has been covered by the ice sheets Table 1 and taking a runoff ratio of 0.9 means that glacial runoff could have been as great as 15750 km 3 year y1 during the LGM. This value is about 3r4 of the Ž . runoff from the tropical wet climate Table 2 , and Ž 3 about six times the present-day value 2620 km y1 . year .
We then multiplied this value for glacial runoff times the average concentration of carbon coming from atmospheric CO that was found in the study of 2 Ž . Sharp et al. 1995 . This value is an average of the two years of observation, about 1.12 mg C l y1 . The authors reported a nearly linear relationship between F and Q in their data, so that this concentration CO 2 should have been relatively constant in the waters they analyzed. Thus, the total amount of F re- CO 2 lated to glacial weathering during the LGM is calculated as 17.6 Tg C year y1 , a value that is about 8% of F on the rest of the continents in Table 2 CO 2 Ž . average lithology scenario . This value is an absolute maximum because it assumes that all of the glacial runoff water has been in contact with the underlying rocks. In reality, this is only the case for a small part of the water. At many places the ice Ž . sheets bordered directly on the sea Fig. 3 , and a considerable amount of glacial runoff may have occurred in the form of ice-calving. Moreover, extrapolating chemical weathering rates from valley glaciers to ice sheets is also highly questionable because the amount of meltwater production, the exposure of that water to atmospheric CO , and the amount of fresh 2 reactive mineral surfaces created by abrasion under ice sheets would tend to differ substantially from that Ž . under small temperate glaciers Hallet et al., 1996 . Because of the much lower temperatures, the base of the ice sheets during the LGM were probably entirely frozen to its bed over large areas.
For these reasons, we conclude that the total amount of F related to glacial weathering during CO 2 the LGM probably was only a small part of the value calculated above, and hence nearly negligible in our budgets. Of course, studies of solute yields from glaciated basins are relatively limited in numbers Ž . Hallet et al., 1996 , and more data are needed to improve our knowledge on glacial weathering rates. In this context it is also clear that comparing specific yields from glaciated basins with other regions or Ž . with global averages as done by Sharp et al. 1995 is not necessarily very meaningful because it does not take into account the large variability of runoff intensity and lithology that can exist. Note that the Ž . catchment investigated by Sharp et al. 1995 has a runoff intensity of about 2000 mm year y1 , which is nearly twice the value of the Amazon Basin, and five Ž . times the world average . It is questionable that such a value can be extrapolated to the large ice sheets during glacial stages. Consequently, when investigating chemical weather-Ž . ing in glacial environments, Anderson et al. 1997 reported that although catchments occupied by alpine glaciers yield cation denudation rates greater than the world mean rate, they do not exceed rates in catchments with similar water discharge. Silicate mineral denudation rates were found to be distinctly lower in glacier-covered catchments than in their non-glacial counterparts, leading the authors to conclude that the concomitant consumption of atmospheric CO does 2 not appear to be unusually rapid in glacier covered basins.
Conclusions
Ž . In this study, a global erosion model GEM-CO 2 has been applied to LGM climate conditions reconstructed by a GCM simulation in order to predict the amount of atmospheric CO consumed by rock 2 weathering. It is found that total F during the CO 2 LGM was probably even greater than today, assuming that lithology on the emerging shelves was dominated by widely outcropping carbonates, together with shales, and, to a minor extent, sandstones. However, carbonate outcrops do not affect F CO 2 coming from silicate weathering, which alone has the potential to alter atmospheric CO in the long-term.
2
Silicate weathering and the concomitant atmospheric CO consumption would decrease under this sce-2 nario. Assuming that the average lithology on the emerging shelves was the same as that on the rest of the continents would result in an overall atmospheric CO consumption by silicate weathering that is about 2 the same as that for the present-day. The values we calculated refer to the ice-free and exoreic continental area only, but we tested also the hypothesis of increased weathering fluxes under the huge ice sheets during the LGM. The latter seems to have a very small impact on the global CO budget. Therefore, 2 our results do not confirm the assumption of weathering to be one of the reasons for global cooling during glacial times, as this has been previously discussed in the literature, and are rather in agreement with the general idea of a negative coupling of weathering rates and global temperature on Earth Ž . see Section 1 .
The reliability of our findings is naturally strongly dependent on the reliability of the GCM outputs. Such computer simulations are still in an early stage of development, and there has been some discussion in the literature whether the prescribed sea surface temperatures normally used to constrain the simula-Ž . tions are too warm Crowley, 1994; Broecker, 1995 . This has to be kept in mind when looking at our results. Nevertheless, the prediction that the LGM world was more arid than today is confirmed by palynological, pedological, and sedimentological evidences. Finally, one has to point out that atmospheric CO consumption by continental erosion does not 2 only consist of the chemical weathering of rocks. The erosion of organic matter also represents a drawdown of CO from the atmosphere. Quantitatively, 2 this is even more important than the CO consump-2 tion by rock weathering in the present-day carbon Ž . cycle Ludwig et al., 1996b . Also variations in this flux have the potential to alter atmospheric CO over longer time scales, especially when 2 changes in the ratio of organic matter input to organic matter burial in sediments in the oceans are considered. Further studies on the role of continental erosion in the glacialrinterglacial carbon cycle should therefore also include the behavior and fate of the river fluxes of organic matter.
